Introduction {#Sec1}
============

Neurons expressing the peptides kisspeptin or neurokinin B (NKB) play a critical role in the regulation of fertility. Mutations that inactivate the genes encoding kisspeptin (*KISS1)*^[@CR1]^ and its receptor (*GPR54/Kiss1R*)^[@CR2],[@CR3]^, as well as genes encoding NKB (*TAC3)* and its receptor (*TAC3R)*^[@CR4]^, result in failure to enter puberty and subsequent infertility in humans. Similarly, the deletion of the genes encoding kisspeptin or the receptors for kisspeptin and NKB in the mouse results in subfertility^[@CR5],[@CR6]^ or infertility^[@CR7],[@CR8]^. Within the arcuate nucleus (ARC) there is a unique population of neurons that express both kisspeptin and NKB^[@CR9]^. In rodent and ovine brains, these neurons are further co-expressed with the endogenous opioid dynorphin A^[@CR10]--[@CR12]^ and are now commonly referred to as KNDy neurons. KNDy neurons have become an intense area of focus in neuroendocrinology as regulators of gonadotropin-releasing hormone (GnRH) secretion and steroid hormone feedback. The vast majority of KNDy neurons express steroid hormone receptors^[@CR11],[@CR13]--[@CR17]^ and are thought to form a reciprocally interconnected network that projects to GnRH neuron cell bodies^[@CR11],[@CR18]--[@CR20]^ or distal dendrites and terminals^[@CR21],[@CR22]^. Each of the three peptides are hypothesized to play individual roles at both the level of GnRH neurons and reciprocally connected KNDy neurons to form the pulsatile shape of GnRH release^[@CR10],[@CR23]^.

Despite the high degree of homogeneity in the co-expression of KNDy peptides and steroid hormone receptors, it is likely that the KNDy population is composed of functional subunits. In the ewe, there is evidence that KNDy neurons mediate both negative and positive feedback effects of estradiol^[@CR24]--[@CR26]^, and a subset of them has been proposed to mediate the latter^[@CR26]^. However this hypothesis is based on limited data so it remains unclear whether distinct subpopulations of KNDy neurons or the same neurons are responsible for the differential modes of estradiol feedback. Further, KNDy neurons are proposed to influence reproductive capacity by integrating a variety of other cues, including metabolic^[@CR27]--[@CR29]^, stress^[@CR30]^ and seasonal^[@CR31]^ signals, and to relay the estrogen-mediated control of thermoregulation within the CNS^[@CR32]^. Taken together, these observations suggest functionally distinct subpopulations of KNDy neurons may regulate GnRH neuron activity and peptide release according to multiple physiological conditions, but little delineation of these subpopulations has occurred.

Previous analyses of the KNDy neural network have relied largely on examination of coronal sections which represent a very limited sampling of the population and may have resulted in some apparent conflicting data on its characteristics (e.g., whether there are more KNDy neurons in the middle or caudal regions of the arcuate in sheep^[@CR33]^). In contrast, three-dimensional (3D) analysis of the complete intact neuronal circuits has the potential to reveal novel features that are not discernable in sectioned tissue. Therefore, 3D visualization of the complete KNDy cell population and their projections under different physiological states may be necessary to detect anatomical and functional heterogeneity among these cells. Although it is possible to reconstruct 3D circuits from sectioned tissue, this is a time-consuming and intensive process. The last five years have seen an increase in the development and use of optical tissue clearing techniques that permits rapid imaging of fluorescent cell populations in intact organs. In particular, many clearing techniques, such as CLARITY^[@CR34]^ and CUBIC^[@CR35]^, are particularly efficient at imaging endogenous fluorescent proteins in transgenic animals. As transgenic technology is largely limited in mammalian species to the mouse, clearing techniques amenable to immunocytochemistry are required for use in other mammalian species. In addition to the mouse, the rat and sheep are the most commonly used models in neuroendocrine research and significant advances in knowledge on KNDy neuroanatomy has been achieved in these species^[@CR36]^. The sheep has provided a particularly valuable model in which to study neuroendocrine networks given the ability to collect detailed hormonal profiles from both peripheral and portal blood in unanaesthetized animals^[@CR37],[@CR38]^. However, given the size of the rat brain and sheep hypothalamus, it is necessary to adapt immunolabelling and clearing techniques for larger tissue volumes. iDISCO^[@CR39],[@CR40]^, adapted from 3DISCO (three-dimensional imaging of solvent cleared organs)^[@CR41]^, permits immunolabelling and optical tissue clearing within multiple organs. 3DISCO and iDISCO protocols have been used to visualize cell populations in multiple mouse organs^[@CR39],[@CR41],[@CR42]^, the spinal cord of the rat and non-human primate^[@CR43]^, and human embryos^[@CR44],[@CR45]^. We aimed to further modify iDISCO in order to visualize the complete KNDy population within the rat brain and sheep hypothalamus. To achieve this, we optimized the iDISCO technique for labelling of KNDy peptides and clearing of larger tissue sizes using the rat brain before applying the optimized iDISCO to the sheep hypothalamic block.

Results {#Sec2}
=======

Whole-mount immunolabelling and optical tissue clearing in the intact rat brain {#Sec3}
-------------------------------------------------------------------------------

Tyrosine hydroxylase immunolabelling in the intact rat brain was used to optimize iDISCO immunolabelling and clearing for large central nervous system tissue samples (Fig. [1](#Fig1){ref-type="fig"}). Post-immunolabelling dehydration of tissue using tetrahydrofuran (THF) was adapted for the larger size of the rat brain, as outlined in Table [1](#Tab1){ref-type="table"}. The length, width and height of whole brain samples shrank by an average of 25.8 ± 0.2%, 28.8 ± 0.03% and 27.7 ± 0.4%, respectively. Complete transparency were achieved (Fig. [1A](#Fig1){ref-type="fig"}), and TH-immunoreactivity was detected at a minimum depth of 2.92 mm in samples (4 mm when accounting for shrinkage of tissue) (Fig. [1B](#Fig1){ref-type="fig"}). This antibody range permitted imaging of TH-ir cell bodies throughout multiple nuclei in the brain, including the rostral periventricular nucleus of the third ventricle, paraventricular nucleus, and ARC of the hypothalamus (Fig. [1C--E](#Fig1){ref-type="fig"}, Video [1](#MOESM2){ref-type="media"}), the ventral tegmental area and substantia nigra of the midbrain (Fig. [1G](#Fig1){ref-type="fig"}) and the A5 group within the brainstem (Fig. [1H](#Fig1){ref-type="fig"}). Further, we achieved sufficient resolution to image TH-ir fibers throughout the brain, including the cortex (Fig. [1F](#Fig1){ref-type="fig"}) hypothalamus and ventral striatum. However, finer TH-immunoreactive terminals were not visible within the dorsal striatum (caudate putamen) at a depth of 3.5 mm (5 mm when accounting for shrinkage).Figure 1Whole-mount immunolabelling and optical tissue clearing in the rat brain. (**A**) The intact rat brain before (i) after (ii) immunolabelling for tyrosine hydroxylase (TH) and tissue clearing. (**B**) 3D rendering of TH-immunoreactivity (ir) in the rat brain imaged in the horizontal plane and viewed from the ventral surface (z depth = 4 mm). (**C**) Hypothalamic TH-ir neurons viewed in the sagittal plane from −2.6 mm to −4 mm Bregma. Insets (**D**,**E**): (**D**) TH-ir neurons in periventricular nuclei viewed from the dorsal surface with high magnification renderings of neurons in the horizontal plane (**D** i) and rotated to the sagittal (**D** ii) plane. (**E**) TH-ir neurons within a portion of the dorsomedial and arcuate hypothalamic nuclei projected into the coronal plane. (**F**) 3D rendering and a high resolution projected image (**F** i) of TH-ir fibers in the cortex. (**G**) TH-positive neurons within the substantia nigra and ventral tegmental area of the midbrain. (**H**) TH-positive neurons of the A5 group located in the ventrolateral pons viewed in the horizontal plane (i) and rotated into the sagittal plane (ii). R = rostral, C = caudal, D = dorsal, V = ventral, oc = optic chiasm, ME = median eminence, 3 V = third ventricle.Table 1Tetrahydrofuran-mediated dehydration of rat and sheep tissue for optical tissue clearing.TissueSize% Tetrahydrofuran in ddH20Mouse brain (Erturk *et al*. 2012)1.4 cm × 1 cm × 0.8 cm50%, 70%, 80%, 100% 1 h, 100% o/n, 100% 1 hRat brain block1.9 cm × 0.9 cm × 0.6 cm50% o/n, 60%, 70%, 80%, 90%, 96% 1 h, 100% o/nWhole rat brain2.5 cm × 1.5 cm × 1.2 cm50% o/n, 60%, 70%, 80% 2 h, 80% o/n 90%, 96% 100% 2 h, 100% o/nSheep hypothalamic block1.5 cm × 1.5 cm × 1 cm50% o/n, 60%, 70%, 80%, 2 h, 80% o/n, 90%, 96%, 100%, 100%, 100%, 100% 2 h

Imaging of the intact arcuate kisspeptin and neurokinin B populations in the rat brain {#Sec4}
--------------------------------------------------------------------------------------

The ability to study KNDy cells without sectioning the population is important for detecting and assessing anatomical features that are not fully discernable in a single plane. Following immunolabelling and optical clearing of rat brains in which the lateral cortices were removed to enhance imaging of midline hypothalamic structures (Fig. [2A](#Fig2){ref-type="fig"}), dual-labeled kisspeptin- and NKB-ir cells were observed as a continuum throughout the entire rostral-caudal extent of the ARC of the ovariectomized (OVX) rat treated with oil vehicle (Fig. [2B](#Fig2){ref-type="fig"}) or estradiol (Fig. [2C](#Fig2){ref-type="fig"}) replacement. Kisspeptin- and NKB-ir cells were also clearly detectable along the complete ventral to dorsal extent of the ARC (Fig. [3](#Fig3){ref-type="fig"}), allowing for quantification (Table [2](#Tab2){ref-type="table"}) and 3D rendering of the complete KNDy cell population and projections (Fig. [4](#Fig4){ref-type="fig"}). Dense dual-labeled kisspeptin and NKB fibers were imaged projecting from the arcuate nucleus to the lateral hypothalamus (Fig. [4A,B](#Fig4){ref-type="fig"}). Few fibers entered the ventromedial hypothalamus (VMH). This is consistent with previous reports^[@CR11],[@CR46]^ and not due to insufficient diffusion of the antibodies as fiber labelling was detected within dorsal hypothalamic structures, including the dorsomedial hypothalamic nucleus (Fig. [3Ad,B](#Fig3){ref-type="fig"}). Fiber labelling was also imaged within rostral hypothalamic nuclei, including the medial and lateral preoptic areas and the periventricular nucleus of the third ventricle (Fig. [4C](#Fig4){ref-type="fig"}).Figure 2Imaging of the intact KNDy neuron population following immunolabelling and optical tissue clearing. (**A**) Rat brain block before (i) and after (ii) immunolabelling and clearing. (**B**) Projection (optical thickness = 200 µm) of kisspeptin (red) and neurokinin B (green) immunolabelling imaged through the sagittal plane of the arcuate nucleus of ovariectomized rats implanted with either sesame oil vehicle (OVX + VEH, (**B**)) or estradiol (OVX + E2, (**C**)). R = rostral, D = dorsal.Figure 3Kisspeptin and neurokinin B immunoreactivity in the cleared rat brain. (**A**) Single optical slices imaged in the horizontal plane with imaging depths of 150 µm (a), 300 µm (b), 450 µm (c) and 750 µm (d) from the ventral surface of the brain. (a--c) ARC kisspeptin and neurokinin B cell bodies. (d) Kisspeptin and NKB fibers in the dorsomedial hypothalamus (DMH). The z-depth of a-d corresponds with the dotted lines in image Fig. [2](#Fig2){ref-type="fig"} (**C**). (i-iii) High magnification images of kisspeptin (i), neurokinin B (ii) and combined immunolabelling (iii) corresponding with insets from (a--d). (iv) Reduced colour saturation reveals dense KNDy fiber projections along the wall of the third ventricle at 450 µm depth from the ventral surface of the ARC. (**B**) Images projected into the coronal plane using IMARIS software showing kisspeptin and neurokinin B immunoreactivity in the rostral to caudal ARC. R = rostral, C = caudal.Table 2Quantification of kisspeptin- and neurokinin B-positive cell bodies in the arcuate nucleus of ovariectomized (OVX) rats with estradiol replacement (E2) or a vehicle control (VEH).Rostral ARCMiddle ARCCaudal ARCKpNKBKp + NKBKpNKBKp + NKBKpNKBKp + NKBOVX + VEH (n = 4)259.0 ± 63.1246.25 ± 54.6251.0 ± 43.8761.25 ± 181.0875.25 ± 210.9636.5 ± 128.91319.8 ± 191.61313.0 ± 24.41125.5 ± 58OVX + E2 (n = 4)157.0 ± 81175.75 ± 65.3144.0 ± 72.9219.75 ± 122.4\*294.25 ± 80.3\*180.75 ± 111.0\*315.5 ± 173\*553.25 ± 200.3\*290.25 ± 161.5\*Kp = Kisspeptin, NKB = neurokinin B.Figure 43D rendering of KNDy neuron projections in the rat hypothalamus. Projected image (**A**) and 3D rendering (**B**) of arcuate kisspeptin (red) and neurokinin B (NKB, green) immunolabelling in the arcuate nucleus (ARC) and lateral hypothalamus of an OVX + estradiol rat. (**B** i--iii) Cropped 3D image of arcuate kisspeptin (i), NKB (ii)-positive fibers and the combined labels (iii) from the inset in (**B**). (**C**) Images in the horizontal (i) and coronal (ii-ii) planes rendered from a stack imaged in the sagittal plane containing kisspeptin-ir fibers projecting throughout the hypothalamus, including the medial preoptic area (MPOA), lateral preoptic area (LPO), periventricular nucleus (PeN), dorsomedial hypothalamus (DMH) and the mammillary recess (MRe). 3 V = third ventricle, ARC = arcuate nucleus.

Estradiol suppression of kisspeptin and NKB examined in the entire KNDy population using iDISCO {#Sec5}
-----------------------------------------------------------------------------------------------

Estradiol exerts a profound inhibitory effect on kisspeptin and NKB expression in KNDy cells of adult female rodents^[@CR20],[@CR47]--[@CR52]^, with OVX animals showing increased numbers of kisspeptin- and NKB-ir cells compared to gonadal-intact or steroid-replaced females. To demonstrate that physiological changes in the arcuate KNDy cell population are detectable using iDISCO, the number of kisspeptin- and NKB-ir cell bodies were compared between OVX + VEH (Fig. [2B](#Fig2){ref-type="fig"}) and OVX + E2 (Fig. [2C](#Fig2){ref-type="fig"}) rats. As reported previously, the majority of kisspeptin neurons were colocalized with NKB in the rostral ARC (rARC, 86.7 ± 5.9%), middle ARC (mARC, 82.1 ± 4.9%) and caudal ARC (cARC, 85 ± 6.7%) of OVX + VEH rats, and the rARC (91.6 ± 5.9%), mARC (77.5 ± 7.8%) and cARC (92.9 ± 2.7%) of OVX + E2 rats. OVX + E2 rats had significantly reduced kisspeptin, NKB (Table [2](#Tab2){ref-type="table"}) and KNDy (kisspeptin + NKB, Fig. [5C](#Fig5){ref-type="fig"}) cell numbers in the mARC and cARC compared with OVX + VEH rats, but this did not reach significance within the rARC. The number of kisspeptin and NKB-ir colocalized cells was significantly different between the rostral, middle and caudal arcuate of OVX + VEH rats (Table [2](#Tab2){ref-type="table"}), and this significance was lost in OVX + E2 animals (Fig. [5C](#Fig5){ref-type="fig"}). The distribution of KNDy cells was also mapped from the ventral to dorsal plane through the ARC (Fig. [5A](#Fig5){ref-type="fig"}), demonstrating that the highest density of KNDy cells were present in the most ventral regions of the ARC (Fig. [5B](#Fig5){ref-type="fig"}). This distribution was not significantly different between OVX + VEH and OVX + E2 rats.Figure 5Quantification of the complete KNDy population in vehicle- and estradiol-treated ovariectomized rats. (**A**) Diagram of the dorsal to ventral (d/v) division of the arcuate nucleus (ARC) (coronal plane) by 200 µm intervals. (**F**) The percentage of KNDy cells located in the d/v intervals of the ARC in OVX + VEH and OVX + E2 rats. (**G**) The number of KNDy neurons in the rostral-caudal and ventral-dorsal regions of the ARC in OVX + VEH and OVX + E2 rats. The total number of Kp + NKB (KNDy) cells in the mARN and cARN is significantly decreased in OVX + E2 rats compared to OVX + VEH rats. n = 4/group. \*p \< 0.05.

Kisspeptin and GnRH immunolabelling after optical tissue clearing of the intact ovine hypothalamus {#Sec6}
--------------------------------------------------------------------------------------------------

Hypothalamic blocks were immunolabelled for kisspeptin and rendered transparent using an adapted iDISCO clearing protocol (Table [1](#Tab1){ref-type="table"}, Fig. [6A](#Fig6){ref-type="fig"}). Immunoreactive kisspeptin cell bodies were detected along the entire rostral to caudal extent (Fig. [6B](#Fig6){ref-type="fig"}) and ventral to dorsal extent of the ARC (Fig. [6C--F](#Fig6){ref-type="fig"}), allowing 3D reconstruction of the arcuate kisspeptin neuronal population (Fig. [7](#Fig7){ref-type="fig"}, Video [2](#MOESM3){ref-type="media"}). As a demonstration that this technique is adaptable for use with multiple immunolabelling in the sheep as in the rat brain, we processed sheep hypothalamic blocks for dual-labeling of both kisspeptin and GnRH immunolabelling (Supplementary Figure [1](#MOESM1){ref-type="media"}). GnRH fibers could be viewed projecting through the arcuate kisspeptin population before terminating in the median eminence. In addition, a small number of scattered kisspeptin-ir cell bodies were detected within the lateral region of the mediobasal hypothalamus ventral to the fornix (Fig. [8A,B](#Fig8){ref-type="fig"}). These scattered cell bodies were located up to 1 mm from the ventral surface of the brain. The rostral to caudal extent of this previously unreported population lay in parallel with the rostral to caudal extent of the ARC (Fig. [8C](#Fig8){ref-type="fig"}).Figure 6Immunolabelling and optical tissue clearing in the ovine hypothalamus. (**A**) Ovine hypothalamic block before (i) and after immunolabelling and optical tissue clearing as viewed in the horizontal (ii) and sagittal (iii) plane. (**B**) Projected image of kisspeptin neurons in the ovine arcuate nucleus (ARC) in the sagittal plane (optical thickness = 250 µm). Dotted outline represents the dorsal border of the ARC. (**C**--**F**) Single optical slices (4 µm optical thickness) through the ARC imaged in the horizontal plane. The z-depth of each image corresponds with lines (**C**--**F**) in image (**B**). (**C**--**F**) (i) High magnification images of kisspeptin neurons corresponding with the insets in C-F. D = dorsal, V = ventral, R = rostral, C = caudal.Figure 7Three-dimensional visualization of kisspeptin neurons in the ovine arcuate nucleus. Three-dimensional (3D) rendering of kisspeptin cell bodies in the intact unilateral arcuate nucleus as viewed from the diagonal (**A**), horizontal (**B**) and sagittal (**C**) planes (i). 3D rendering of kisspeptin immunoreactivity (i) with isosurface visualization of kisspeptin cells (ii) and the isosurface alone (iii). The rostral (rARC), middle (mARC) and caudal (cARC) regions of the ARC are outlined in iii.Figure 8Kisspeptin neurons in the lateral mediobasal hypothalamus as identified via volumetric imaging. (**A**,**B**) Arcuate and lateral mediobasal hypothalamic kisspeptin neurons within single optical slices (4 µm optical thickness) in the horizontal plane. Dotted lines represent the border of the dorsal middle arcuate nucleus (mARC). The depth from the ventral surface in A = 0.62 mm and B = 0.84 mm. (i) Insets from corresponding images with arrows indicating kisspeptin cell bodies in the lateral mediobasal hypothalamus. (**C**) Representative diagrams of the ovine hypothalamus in the coronal plane containing the rostral (i), middle (ii) and caudal (iii) regions of the ARC. The relative density of kisspeptin cell bodies within the MBH are displayed as red dots. Kisspeptin cell bodies in the lateral region of the MBH (latMBH) are indicated by black arrows.

Discussion {#Sec7}
==========

We report here the application of iDISCO, a solvent-based optical tissue clearing protocol commonly used for imaging of intact cellular structures, to study the arcuate KNDy neuron population in the rat and sheep brain. To our knowledge, we provide the first 3D visualization of the arcuate KNDy population in any species using a dual-label approach with kisspeptin and NKB antibodies, and, the first use of iDISCO clearing and immunolabeling in sheep tissue. A recent study using CLARITY-mediated clearing of the intact mouse brain enabled visualization of kisspeptin neurons in a transgenic Kiss1-Cre mouse line crossed with a tdTomato reporter^[@CR53]^. This provided a complete view of endogenously fluorescent kisspeptin neurons, and confocal imaging of cleared thick brain slices permitted detailed tracing of kisspeptin projections throughout the hypothalamus. Here, the use of immunolabelling and clearing with iDISCO to study kisspeptin neurons in the rat and sheep expands this capability into other non-transgenic species, permits the study of multiple proteins at once, and avoids the ectopic or developmental expression of fluorescent reporter proteins that are common within transgenic lines.

In addition to visualization of the KNDy network, we also report clearing of the intact rat brain through modification of THF-mediated dehydration. The rat is a widely used model in neuroscience, and is particularly useful in behavioral, pharmacological and physiological studies. Despite this, there are limited reports of clearing and 3D imaging of the adult rat brain. One study utilized the FluoClearBABB protocol, based on dehydration with tert-butanol^[@CR54]^, to render the brain of a transgenic Thy1-GFP rat transparent for subsequent light sheet imaging of the GFP reporter protein^[@CR55]^. As there are limited transgenic rat models available, the current report describes a method that utilizes immunolabelling and can be applied to multiple cell populations within the central nervous system of the rat. We achieved antibody penetration through the majority of the intact rat brain with tyrosine hydroxylase labelling. However, TH-immunoreactive terminals could not be imaged in the dorsal striatum at the midline of the brain. This may be caused by limitations of the selected antibody concentration, the resolution of the lightsheet microscope, or the working distance of the objective. It is therefore recommended to trim tissues to either the biological region of interest or to single hemispheres to optimize labelling and imaging of midline structures.

The ability to observe the complete KNDy neuron population in cleared tissue overcomes the disadvantages of traditional sectioning techniques, such as limited sampling from subpopulations across the ARC and sectioning fiber tracts. We achieved imaging of the complete continuum of kisspeptin and NKB neurons throughout the entire rostral to caudal extent of the ARC. The suppression of kisspeptin and NKB expression by estradiol in the middle and caudal regions of the rat ARC was quantifiable, indicating that the adapted iDISCO protocol can be used to detect physiological changes in the complete KNDy network. Estradiol-mediated suppression of kisspeptin mRNA and protein^[@CR20],[@CR47]^ and NKB mRNA^[@CR47]--[@CR50]^ and protein^[@CR51],[@CR52]^ has been documented across species. However, one study using immunolabelling in the rat reported a significant increase in the number of NKB-positive cells in the caudal ARC with estradiol treatment^[@CR56]^. It is possible that the opposing results reflect different concentrations of E2 used, as E2 replacement also failed to reduce ARC kisspeptin cell numbers following OVX in the aforementioned study^[@CR56]^.

Three-dimensional rendering of the arcuate kisspeptin population in the ewe demonstrated the sparse number of kisspeptin neurons in the rostral ARC when compared to the middle and caudal regions, consistent with previous reports^[@CR13]^. In the middle and caudal ARC, the number of kisspeptin neurons is significantly higher in females compared to males^[@CR57]^, suggesting that KNDy neurons controlling the sexually differentiated pattern of GnRH release are located here. Additionally, in an ovine model of PCOS which exhibits increased GnRH/LH pulse frequency and an abolished GnRH/LH surge, NKB and dynorphin expression is reduced in the middle and caudal ARC, further supporting that KNDy neurons in this region are important regulators of GnRH release^[@CR57]^. Notably, in 3D projections, the number of kisspeptin neurons appeared greater in the caudal ARC compared to the middle ARC. This was likely underestimated in traditional sectioning approaches and highlights the possible functional separation of the caudal portion of the nucleus from the middle and rostral divisions. This functional separation is supported by a recent report using ICV delivery of antagonists to the serotonin receptor (SSTR2) in the ewe, which activated kisspeptin neurons specifically in the caudal region of the ARC^[@CR58]^. In future experiments, the complete kisspeptin population can be assessed in 3D under differing physiological and pathological conditions. For example, markers of activation, such as Fos, can be used to detect activated subpopulations of kisspeptin neurons during differential modes of GnRH release. Although this is achievable with the current resolution of the lightsheet microscope, the investigation of fine neuroanatomical details (such as dendritic spines) and subcellular markers (such as G-protein coupled receptors to mark the release of endogenous neurotransmitters) will require future technological advances to improve the lateral resolution of the lightsheet microscope, which is currently limited to 1 µm.

The ability to image large areas of the intact sheep hypothalamus revealed a previously unreported population of kisspeptin neurons. Besides the ARC, kisspeptin neurons in the ovine MBH and surrounding regions had previously been reported within the DMH and VMH^[@CR59]^. Here, in addition to these previously identified populations, we detected a scattered, small number of kisspeptin-positive neurons within the lateral region of the mediobasal hypothalamus. The functional role of this kisspeptin population is not yet known, although there are reports of scattered GnRH neurons located within this brain region^[@CR60],[@CR61]^.

Dehydration of tissue with THF during the clearing process shrunk tissue volume by an average of 27.4%. This is in line with what has previously been reported using THF-mediated clearing, under which mouse brain samples have shrunk up to 50%^[@CR62]^. Tissue shrinkage in clearing protocols has recently been taken advantage of for more rapid lightsheet imaging of large areas, such as described in the "ultimate DISCO" (uDISCO) protocol, which shrinks tissue by 65%^[@CR63]^. Although this is an advantage for larger tissue samples such as the sheep hypothalamus, it is possible that distortion of the tissue can occur. The recently published iDISCO + protocol is reported to reduce shrinkage to 10% in cleared mouse brain samples by replacing post-immunolabelling dehydration of brain tissue by THF with methanol^[@CR64]^. However, in our hands, the intact rat brain shrank by 26--27% with iDISCO+, indicating that shrinkage still occurs in larger tissue samples with methanol-based dehydration (data not shown).

Although the iDISCO system offers an important added 3D view of the complete distribution of a neuronal population there are a number of considerations when applying to larger animal models, which can be expensive and time consuming to produce. First, autofluorescent labelling of blood vessels were more pronounced in ovine tissue when compared to the rodent brain, although this did not prevent labelling of kisspeptin neurons. Second, not all antibodies are compatible with solvent-based tissue clearing. Importantly, traditional sectioning techniques provide multiple series for experimental analysis, whereas using a complete brain limits the number of antibodies that can be visualized per animal, and thus, the number of experimental data points. Therefore, iDISCO is likely to be used in conjunction with traditional sectioning techniques, but does not entirely replace 2D histological analysis.

In conclusion, we report adaptation of the iDISCO technique for high resolution imaging of the complete KNDy neuron population in the transparent rat and sheep brain. This technique permits versatile analysis of the KNDy population, including the extraction of detailed 3D information regarding cell numbers and fiber distribution. In addition, the ability to render the intact rat brain and sheep hypothalamus transparent provides the broad opportunity to interrogate a variety of cell populations throughout the central nervous system of species other than mice that are commonly used in neuroscience, including large animal models.

Materials and Methods {#Sec8}
=====================

Animals {#Sec9}
-------

Adult female Sprague Dawley rats (Charles River) were housed in separate rooms, in same sex-pairs in standard Plexiglass cages with ad libitum access to food and water. Animals were maintained in temperature and humidity controlled rooms on a 12-hour dark/light cycle with lights off at 0900 hr. Adult black-faced ewes of mixed breeding were housed in an open barn. Ewes were given open access to water and fed once daily with a maintenance regimen of silage. Animals were moved into an indoor facility 3--5 days before surgery in which the duration of artificial lighting was adjusted to match that outdoors. They were fed a diet of alfalfa cubes, and had free access to water and minerals.

Ovariectomy and tissue preparation {#Sec10}
----------------------------------

Female rats were bilaterally ovariectomized from the ventral surface and implanted with sc capsules (Dow Corning tubing, 1.98 mm internal diameter, 30 mm length), prepared as described in^[@CR65]^, containing either sesame oil vehicle (n = 4) or 100 µg/mL of 17β estradiol-benzoate dissolved in sesame oil (n = 4)^[@CR66]^. Eight days following OVX, rats were deeply anesthetized using ip injection of sodium pentobarbital (270 mg/kg, Sigma-Aldrich) and perfused intracardially with 10 mL of 0.9% saline, followed by 500 mL of 4% paraformaldehyde (PFA) in 0.1M phosphate buffer (PB). Rats were decapitated post-perfusion, brains were extracted from the skull and post-fixed in 4% PFA overnight at 4 C. The lateral cortices were removed using vertical cuts lateral to the amygdala in OVX rats (Fig. [3A](#Fig3){ref-type="fig"}) so to enhance imaging of midline hypothalamic structures with horizontal lightsheet microscopy. Ovary-intact rats (n = 4) were anesthetized and perfused as described above, and brains were kept intact. Rat brains were kept in 0.1 M PB (pH 7.3) with 0.01% sodium azide until immunolabelling and optical tissue clearing protocols were performed.

Ewes were bilaterally ovariectomized by midventral laparotomy under isoflurane anesthesia (2--4%) using sterile techniques^[@CR67]^ and treated with dexamethasone and penicillin pre- and post-operatively. Daily analgesia (Banamine, Phoenix Pharmaceutical, St Joseph, MO, USA; 125 mg/sheep) was given starting at time of anesthesia through to 5 days post-surgery. Two weeks following surgery, OVX ewes were euthanized with iv sodium pentobarbital (2--3 g; Sigma Aldrich) and decapitated. The heads were perfused through both internal carotid arteries with 6L of 4% PFA in 0.1M PB (pH 7.3) mixed with 0.1% sodium nitrite and 10 U/mL heparin. Whole brains were removed from the skull post perfusion and placed into 0.1M PB with 0.01% sodium azide. Hypothalamic tissue blocks measuring approximately 1.5 cm (length) x 1.5 cm (width) x 1 cm (height) were prepared (n = 4). Meninges were removed from the tissue blocks, and the majority of the infundibular stalk was carefully removed for optimal visualization of the ARC under the lightsheet microscope. All procedures were approved by the University of Mississippi Medical Center Animal Care and Use Committee (rats) and the West Virginia University Animal Care and Use Committee (sheep) and followed National Institutes of Health guidelines for animal research.

Antibodies {#Sec11}
----------

The primary antibodies used in these protocols were polyclonal mouse anti-tyrosine hydroxylase (1:1000, Sigma, RRID: AB_477569), polyclonal rabbit anti-kisspeptin (1:250, A566, RRID: AB_2622231, kindly gifted by A. Caraty), polyclonal guinea pig anti-proNKB (1:250, IS-3/63, kindly gifted by P. Ciofi) and polyclonal mouse anti-GnRH (Millipore, 1:150, MAB5456). Lower concentrations of tyrosine hydroxylase (1:5000), kisspeptin and NKB (1:500, 1:1000) primary antibodies detected few cell bodies or fibers in cleared brains from OVX rats (data not shown). The secondary antibodies used were Alexa Fluor goat anti-rabbit 647, Alexa Fluor goat anti-mouse 647, Alexa Fluor goat anti-mouse 555, Alexa Fluor goat anti-guinea pig 555 and Alexa Fluor goat anti-mouse 555 (Invitrogen, 1:100). All antibodies have been previously characterized in rats and sheep and validated for specificity with target peptides^[@CR12],[@CR13],[@CR68],[@CR69]^.

Immunolabelling-enabled 3D imaging of solvent cleared organs (iDISCO) {#Sec12}
---------------------------------------------------------------------

As outlined in^[@CR39]^, rat and sheep brain tissue was dehydrated in methanol, bleached with hydrogen peroxide, rehydrated, and blocked using normal goat serum. The brain tissue was incubated with shaking in blocking serum, primary antibodies and secondary antibodies for 7 days at 37 C at each step to permit diffusion through the large tissue samples. Brains from ovary-intact rats (n = 4) were immunolabelled using mouse anti-TH serum followed by Alexa Fluor goat anti-mouse 647 secondary antibody. Brains from OVX + VEH and OVX + E2 rats were dual-labeled using rabbit anti-kisspeptin and guinea pig anti-NKB, which were detected using Alexa Fluor goat anti-rabbit 647 and Alexa Fluor goat anti-guinea pig 555 secondary antibodies, respectively. Sheep hypothalamic blocks were immunolabelled using either rabbit anti-kisspeptin or both rabbit anti-kisspeptin and mouse anti-GnRH antibodies, followed by goat anti-rabbit 647 or goat anti-mouse 555 secondary antibodies, respectively.

Post-immunolabelling dehydration of tissue using tetrahydrofuran (THF) was adapted for the larger size of the rat brain and sheep hypothalamic block, as outlined in Table [1](#Tab1){ref-type="table"}. Following dehydration, brains were rotated in dichloromethane for a maximum of 2 hours before being rendered transparent using incubation in dibenzyl ether (DBE). Transparent tissue was submerged in a chamber containing DBE and imaged in the horizontal or sagittal plane using a bidirectional light-sheet microscope (LaVison BioTec) with a 2×/0.5NA objective (MVPLAPO Olympus). Stacks of TIFF images were collected using a sCMOS camera (Andor Neo) with ImSpectorPro software (LaVision BioTec) at either 0.63×, 0.8×, 1×, 1.25×, 1.6×, 2×, 2.5×, 3.2×, 4×, 5× or 6.3× magnification with a 4 μm optical interval.

Image processing {#Sec13}
----------------

Mosaic stacks of 16-bit TIFF images were stitched together using Fiji software to generate a single z-stack containing the imaged areas. To quantify the number of kisspeptin and NKB labelled neurons, users were blinded to experimental treatment and counts confirmed by a second user. In TIFF z-stacks, the rostral, middle and caudal regions of the ARC were outlined using the 'regions of interest' tool in Fiji. The 'multi-point' tool was used to count the number of kisspeptin or NKB positive cell bodies within each arcuate region in 200 µm segments from the ventral surface up to 1 mm. To count the number of neurons containing both peptides, the users switched between channels. Three-dimensional volume files and movie files were generated using IMARIS software (Bitplane). Stacks were converted to Imaris files (.ims) and 3D projections of z-stack images were generated using the volume rendering function. In ovine tissue, stacks of images measuring mm 1.14 mm (middle to lateral) by 3.90 mm (rostral to caudal) by 1.74 mm (ventral to dorsal) containing the ARC were projected in 3D. Regions of interest in 3D reconstructions were isolated using the 3D crop tool. In the ovine tissue, large autofluorescent blood vessels lateral and medial to the kisspeptin population in the caudal ARC, and a small region of autofluorescence along the third ventricle wall dorsal to the ARC, was removed using the surface tool and the mask function (Supplementary Figure [2](#MOESM1){ref-type="media"}). Kisspeptin cells in the ovine ARC (excluding the median eminence and infundibular stalk) were reconstructed using IMARIS segmentation tools. Three-dimensional images and movies were generated using the 'snapshot' and 'animation' tools. The ovine ARC was divided into three 1.25 mm lengths during animation to define the rostral, middle and caudal regions of the nucleus. Movies were edited using Apple iMovie software.

Statistics {#Sec14}
----------

The number of single labelled kisspeptin and NKB cells and the number of KNDy (Kisspeptin + NKB co-labeled) cells were compared between OVX + VEH and OVX + E2 treated rats in the rostral, middle and caudal ARC using two-way ANOVA with Tukey post-tests (Sigma Plot). All data are expressed as mean + SEM. A p value of \<0.05 was considered statistically significant.

Data availability statement {#Sec15}
---------------------------

The datasets generated and analyzed during the current study are available from the corresponding author upon request.
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Supplementary information Video 1---Animated 3D rendering of hypothalamic tyrosine hydroxylase neurons Video 2---Animated 3D rendering of arcuate kisspeptin neurons in the ovine hypothalamus
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